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BACKGROUND OF THE INVENTION 



Field of the Invention 



[0001] The present invention generally relates to magnetic disc drives, and more 
particularly to magnetic-field sensor devices comprising magnetic nanoparticles. 



[0002] Read-lieads for magnetic disc drives currently sense magnetic bits by using an 
effect known as giant magnetoresistance (GMR). In essence, this type of sensor works because 
its resistance changes depending on the presence or absence of a magnetic field. The spatial 
resolution of such a device is limited by the dimensions of the active element in the sensor, 
which is currently defined lithographically. The GMR effect is described below. 

[0003] One type of system which exhibits GMR is a magnetic tunnel junction. A 
magnetic turmel junction is typically composed of two magnetic thin-film electrodes separated by 
a thin insulating layer. This insulating layer is sufficiently thin (-5 nm or less) to allow electrons 
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1 



from one of the electrodes to move to the other electrode via quantum mechanical tunneling. 
Important to the operation of the junction is that the tunneling process preserve the spin of 
tunneling electrons. 

[0004] For the case of two magnetic electrodes composed of identical materials, the 
5 tunneling conductance (G) for electrons to move through the junction is proportional to: 

G - 1 + P^cos9 

where P is the conduction electron polarization in the magnet (which is a measure of how 
p magnetic the material is), and 9 is the relative angle between electrode magnetic moments. The 

m 

SI resistance of the junction is the inverse of its conductance. 

l?rf [0005] If the magnetic moment of one electrode is flipped relative to the other electrode, 

Ul 

m 

g then the tunneling rate through the junction changes. This resistance change, caused by a change 

O 

fy in a magnetic moment orientation, can be used to sense magnetic fields in the manner shown in 
N= Figures 1(a) and 1(b). The sensor 1 is positioned in close proximity to a magnetic field source 2. 
^ The sensor is made of a short length of magnetic material 3 sandwiched between two magnetic 
15 electrodes 4 and 5. The magnetic material used to sense the magnetic field 2 is electrically 

isolated from the two electrodes 4 and 5 by insulating timnel barriers 6 and 7. Additionally, the 
material 3 is chosen so that its magnetic moment changes orientation at fields below that of the 
two electrodes 4 and 5. 

[0006] In operation, an electric current 8 is made to flow through the device. Initially, the 
20 magnetic moments of the sensor material 3 and electrodes 4 and 5 are parallel. When the sensor 
comes into close proximity with a magnetic field of sufficient strength, the moment of material 3 
is flipped relative to the two electrodes 4 and 5 leading to a measurable change in the current 
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through the device 8. The spatial resolution of such a sensor is directly related to the size of the 
sensor element 3. However, there is a need to improve the spatial resolution of such a magnetic 
field sensor, particularly in the area of read-heads for magnetic disc drives. Continually 
increasing storage densities demand the improved resolution. 

SUMMARY OF THE INVENTION 



O [0007] In view of the foregoing and other problems, disadvantages, and drawbacks of the 

conventional magnetic sensor devices, the present invention has been devised, and it is an object 



of the present invention, to provide a structure and method for improving the spatial resolution of 
a magnetic-field sensor device. 



im [0008] In order to attain the object suggested above, there is provided, according to one 

^ aspect of the invention, a structure and method for forming a magnetic-field sensor device that 

tss: 

fU 

comprises first depositing a first electrode onto a substrate. Then, an electrically insulating layer 
is deposited on the first electrode. Next, a portion of the electrically insulating layer is removed 
to expose a region of the first electrode, thereby creating an empty space. After this, at least one 

15 layer of chemically-synthesized nanoparticles is deposited on the electrically insulating layer and 
within the empty space created by the removal of a portion of the electrically insulating layer. 

[0009] Upon completion of this step, a second electrode is deposited on both the layer of 
chemically-synthesized nanoparticles and the electrically insulating layer. Alternatively, multiple 
layers of nanoparticles may be deposited, or only a single nanoparticle may be deposited, 

20 depending on the desired application. The substrate is formed of conducting or non-conducting 
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material, and the first and second electrodes are formed of electrically conducting and magnetic 
or non- magnetic material. Additionally, a metallic layer of magnetic material may be deposited 
on the substrate prior to the first electrode being deposited thereon. Alternatively, the 
magnetic-field sensor device may be formed by first depositing a first electrode onto a substrate. 
Then, an electrically insulating layer is deposited on the first electrode. 

[0010] Next, a second electrode is deposited on the electrically insulating layer. After 
this, a portion of the electrically insulating layer is removed, thereby creating an empty space. 
Upon completion of this step, at least one layer of chemically-synthesized nanoparticles is 
deposited in the empty space; and finally, the substrate is removed. Again, multiple layers of 
nanoparticles may be deposited, or only a single nanoparticle may be deposited, depending on the 
desired application. 

[0011] The inventive structure (sensor) has several advantages over conventional devices. 
First, the critical dimension is about 5 to 50 nm and is well-matched to the bit area required for 
storage at areal densities >100 Gbit/inl Second, the critical dimension is 5 to 50 nm and is 
beyond the resolution of current lithographic methods, and is controlled through chemical size 
separation methods (not through deposition thickness control, and not through lithography). 
Also, the methods described herein are readily scaled to a large scale production, and the 
methods use less vacuum-based process equipment than the conventional devices and, hence, the 
present methods result in lower fabrication costs. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The foregoing and other objects, aspects and advantages will be better understood 
from the following detailed description of a preferred embodiment(s) of the invention with 
reference to the drawings, in which: 
5 [0013] Figure 1(a) is a schematic diagram of a conventional magnetic-field sensor device; 

[0014] Figure 1(b) is a schematic diagram of a magnetic object and the magnetic field it 
Q produces; 

SI [0015] Figure 2(a) is a side view schematic diagram of a magnetic-field sensor device 

according to the present invention; 



[0016] Figure 2(b) is a top view schematic diagram of a magnetic-field sensor device 



1^ 

O 

ly according to the present invention; 

M [0017] Figure 2(c) is a side view schematic diagram of a magnetic-field sensor device 

Q 

s '=? according to the present invention; 

[0018] Figure 2(d) is a side view schematic diagram of a magnetic-field sensor device 
1 5 according to the present invention; 

[0019] Figure 3(a) is a side view schematic diagram of a magnetic-field sensor device 
according to the present invention; 

[0020] Figure 3(b) is a side view schematic diagram of a magnetic-field sensor device 
according to the present invention; 
20 [0021] Figure 3(c) is a side view schematic diagram of a magnetic-field sensor device 

according to the present invention; 
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[0022] Figure 3(d) is a side view schematic diagram of a magnetic-field sensor device 
according to the present invention; 

[0023] Figure 3(e) is a side view schematic diagram of a magnetic-field sensor device 
according to the present invention; 

[0024] Figure 3(f) is a side view schematic diagram of a magnetic-field sensor device 
according to the present invention; 

[0025] Figure 3(g) is a side view schematic diagram of a magnetic-field sensor device 
according to the present invention; 

[0026] Figure 3(h) is a side view schematic diagram of a magnetic-field sensor device 
according to the present invention; 

[0027] Figure 3(i) is a flow diagram illustrating a preferred method of the invention as 
described in Figures 3(a) through 3(h); 

[0028] Figure 4(a) is a side view schematic diagram of an alternate embodiment of a 
magnetic-field sensor device according to the present invention; 

[0029] Figure 4(b) is a side view schematic diagram of an alternate embodiment of a 
magnetic-field sensor device according to the present invention; 

[0030] Figure 4(c) is a side view schematic diagram of an alternate embodiment of a 
magnetic-field sensor device according to the present invention; 

[0031] Figure 4(d) is a side view schematic diagram of an altemate embodiment of a 
magnetic-field sensor device according to the present invention; 

[0032] Figure 4(e) is a side view schematic diagram of an altemate embodiment of a 
magnetic-field sensor device according to the present invention; 
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[0033] Figure 4(f) is a side view schematic diagram of an alternate embodiment of a 
magnetic-field sensor device according to the present invention; 

[0034] Figure 4(g) is a side view schematic diagram of an ahemate embodiment of a 
magnetic-field sensor device according to the present invention; 
5 [0035] Figure 4(h) is a flow diagram illustrating an alternate method of the invention as 

described in Figures 4(a) through 4(g); 

[0036] Figure 5(a) is a plot of the device resistance versus the magnetic field according to 
p the present invention; and 

J%l [0037] Figure 5(b) is a plot of the device resistance versus the magnetic field according to 

\^ the present invention. 

ii 

H DETAILED DESCRIPTION OF PREFERRED 

M EMBODIMENTS OF THE INVENTION 

m 

[0038] As mentioned, there is a need for improving the spatial resolution of 
magnetic-field sensor devices. The present invention discloses a magnetic-field sensor device 
15 based on electron tunneling through chemically-synthesized magnetic nanoparticles (or 

nanocrystals). Such nanoparticles are made with extreme uniformity (standard deviations in 
diameter of < 10%, and optimally < 5%) with nanometer-scale dimensions (diameters from 2-20 
nm). Details of the synthesis of such magnetic nanoparticles have been disclosed previously 
(U.S. Patent 6,162,532), the complete disclosure of which is herein incorporated by reference. 



YOR9-2001-0467-US1 



7 



[0039] Nanoparticles with diameters ranging from 2 nm to 20 nm can be made out of a 
wide variety of organic and inorganic materials (C. B. Murray, D. J. Norris, M. G. Bawendi, J. 
Am. Chem, Soc, 115, 8706 (1993), L. Brus in "Materials Chemistry: An Energy Discipline," G. 
A. Ozin, 335 (ACS Sympos, Ser. No. 245, 1995)). Nanoparticles are a subclass of nanoparticles 
composed of well-characterized, crystalline cores and thin organic coats. Nanoparticles are 
monodisperse in terms of their size, internal structure (lattice), surface chemistry, and shape. 
Nanoparticles dispersed in liquids and nanoparticles deposited on solid substrates have provided 
much information on the submicroscopic properties of materials (A. P. Alivisatos, Science 271, 
933 (1996)). Sensors employing such nanoparticles as their active elements have improved 
spatial resolutions because the nanoparticles have dimensions which are smaller and can be 
defined lithographically. The sensor devices disclosed herein operate using the giant 
magnetoresistance effect, which has been previously described. 

[0040] In order to improve the spatial resolution of such a magnetic sensor device, 
conventional devices are constructed using chemically-synthesized magnetic nanoparticles. The 
structure and composition of nanoparticles are fully discussed in U.S. Patent 6,162,532. These 
nanoparticles can be synthesized of different magnetic materials and have precisely-controlled 
sizes ranging from as small as approximately 2 nm up to approximately 20 nm, depending on the 
application. The nanoparticle diameters can be controlled to standard deviations less than 15%, 
and preferably less than 10%. Optimally, the present invention controls nanoparticle diameters 
to standard deviations within less than 5%. 

[0041] In order to do this, the present invention comprises sensors made using magnetic 
nanoparticles synthesized via the means of U.S. Patent 6,162,532. As such, the size distributions 
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of the nanoparticles can be narrowly defined, for example, <15%, <10%, <5%. The 
nanoparticles preferably comprise magnetic materials such as Co, Fe, Ni, Mn, Cr, Nd, Pr, Pt, Pd, 
Ho, Gd, Eu, Er, Re, Rh, an intermetallic compound of these elements, a binary alloy of these 
elements, a ternary alloy of these elements, an oxide of Fe, Co, Ni, Mn, or Cr, and a mixed oxide 
combining at least one of Fe, Co, Ni, Mn, or Cr, with at least one of La, Sr, Ba, or Cu. 

[0042] Referring now to the drawings, and more particularly to Figures 2(a) through 5(b), 
there are shown preferred embodiments of the method and structures according to the present 
invention. In Figures 2(a) through 2(d), a first embodiment of the present invention isishown. 
Specifically, in Figure 2(a), which shows the side view, and Figure 2(b), which shows the top 
view, two magnetic electrodes 1 1 and 12 are separated from each other by an electrically- 
insulating layer 13, except for a small area 5 (of length X) near the ends of the electrodes. A layer 
of chemically-synthesized nanoparticles 9 is disposed in the small area 5. Each nanoparticle 9 
has a magnetic moment. Furthermore, these nanoparticles 9 are electrically-isolated from the 
electrodes 1 1 and 12 and from each other by an organic spacer 10 which acts as a tunnel barrier 
for electrons. This layer of nanoparticles 9 may be a single sheet (as shown) or may also be 
several nanoparticle layers thick. 

[0043] In addition, it is possible to control the nanoparticle magnetic moment orientation 
during deposition of the nanoparticle film, for example, by depositing the nanoparticles 9 while 
applying an external magnetic field. Depending on the application, the nanoparticle moments 
may be oriented in the two directions (denoted by the arrows) shown in Figure 2(c) as parallel 
(for sensing longitudinal fields) or in Figure 2(d) as perpendicular (to sense perpendicular fields) 
to the surface above which the sensor will be used. 
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[0044] The device operation is similar to that described above. A current (I) 14 is applied 
to flow though the device. Electrons travel from one electrode to the other only by tunneling 
through the organic spacers 10 and onto the individual nanoparticles 9. The device resistance 
depends on the relative orientations of the electrode magnetic moments to the nanoparticle 
magnetic moments. Through choice of nanoparticle and electrode materials, the nanoparticle 
moments are made to flip at a lower magnetic field than that required to flip the electrode 
moments. Thus, a magnetic field sensor is created whose spatial resolution is set by the 
nanometer size-scale of the chemically-synthesized nanoparticles, thereby increasing the overall 
spatial resolution. 

[0045] There are several different possible embodiments of such a device, each of which 
are described herein. First, as previously described, two magnetic electrodes 1 1, 12 are separated 
by an insulating layer 13. In the empty space 5 near the end of the sensor, there is deposited a 
single layer of chemically-synthesized magnetic nanoparticles 9. The nanoparticles range in 
sizes (diameters) from approximately 2 nm up to approximately 20 nm. 

[0046] Second, the same device as described in the first embodiment above is disclosed, 
except that the nanoparticles 9 are deposited with a preferred magnetic-moment orientation that 
is parallel to the direction of current flow through the nanoparticles 9 (see Figure 2(c)). Third, 
the same device as described in the first embodiment above is disclosed, except that the 
nanoparticles 9 are deposited with a preferred magnetic-moment orientation that is perpendicular 
to the direction of current flow through the nanoparticles 9 (see Figure 2(d)). Fourth, the same 
devices as described in the first, second, and third embodiments above are disclosed, except that 
only one of the two electrodes 11, 12 is magnetic. The other device(s) can be any non-magnetic 
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metal or semiconductor. Fifth, the same device as described in the first embodiment above is 
disclosed wherein the two magnetic electrodes 11, 12 are separated by an insulating layer 13. In 
the first embodiment, in the empty space 5 near the end of the sensor, there is deposited a layer of 
chemically-synthesized magnetic nanoparticles 9. However, in this fifth embodiment, the layer 
of nanoparticles 9 is more than one layer thick. Sixth, the same device as described in the fifth 
embodiment above is disclosed, except that the nanoparticles 9 are deposited with a preferred 
magnetic-moment orientation that is parallel to the direction of current flow through the 
nanoparticles 9. Seventh, the same device as described in the fifth embodiment above is 
disclosed, except that the nanoparticles 9 are deposited with a preferred magnetic-moment 
orientation that is perpendicular to the direction of current flow through the nanoparticles 9. 
Eighth, the same device as described in the fifth embodiment above is disclosed, expect that only 
one of the two electrodes 11, 12 is magnetic. The other electrode can be any non-magnetic metal 
or semiconductor. Ninth, the same device as described in the fifth embodiment above is 
disclosed, except that neither electrode 11, 12 is magnetic. The electrodes 11,12 may be any 
non-magnetic metal or semiconductor. Tenth, the same devices as described in the first through 
the ninth embodiments are disclosed, except that the space 5 near the end of the sensor is not 
completely filled with a layer of chemically-synthesized nanoparticles 9. Eleventh, the same 
devices as described in the first through the ninth embodiments are disclosed, except that the 
empty space 5 near the end of the sensor (k) is made only wide enough to fit a single 
chemically-synthesized nanoparticle 9. Twelfth, the same devices as described in the first 
through the eleventh embodiments are disclosed, except that the width of the device is the same 
as the width of a single, chemically- synthesized nanoparticle 9. 
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[0047] Any and all of the above embodiments and the structures described therein may be 
fabricated in several different w^ays. The first such method is illustrated in Figures 3(a) through 
3(i). Each of the structural components are also shown in Figures 3(a) through 3(h). 
Furthermore, the entire process is shown in a flowchart in Figure 3(i). 

[0048] First, as shown in Figure 3(a), the process begins 30 with a substrate 15. The 
substrate can be any flat surface, and may be conducting or non-conducting. Preferably, this 
substrate is composed of silicon, silicon dioxide, silicon nitride, glass, or ceramic material. 

[0049] Next, as shown in Figure 3(b), a bottom metallic layer (electrode) 1 1 is deposited 
32 onto the substrate 15. This layer is composed of a soft magnetic material and is typically 
between 10 and 30 nm thick. Preferably, the electrode material is composed of permalloy NiFe 
or NiFeCo. This bottom electrode layer may or may not have an antiferromagnetic underlayer 
(typically between 10-30 nm thick) used to pin the magnetization of the bottom electrode. 
Antiferromagnetic layers are typically composed of MnFe, CoO, NiFeTb, NiO, or a synthetic 
antiferromagnet composed of two magnetic layers separated by a thin Ru layer. 

[0050] The bottom electrode 1 1 is deposited 32 onto the substrate 15, as illustrated in 
Figure 3(b). This electrode 1 1 is electrically conducting and may be magnetic or non-magnetic, 
depending on choice of device type, as previously indicated above. Figure 3(c) then shows an 
electrically insulating layer 13 being deposited or grown 33 on top of the bottom electrode 15. 

[0051] After this, a region of the insulating layer 13 is patterned 34 and etched 35, 
thereby forming an empty space 5, and exposing a region of the bottom electrode 11, which is 
shown in Figure 3(d). Next, as depicted in Figure 3(e), a layer of nanoparticles 9 is deposited 36 
onto the structure, covering both the exposed bottom electrode 1 1 and insulating layer 13. The 
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nanoparticles 9 may be separated from each other by an insulating organic layer 10. The 
nanoparticle layer 9 may be either one or several layers thick, depending on the type of device 
being fabricated. As such, nanoparticles 9 may or may not be removed 37 from the insulating 
spacer layer 13, once again, depending on whether one or several layers of nanoparticles 9 are 
desired. Figure 3(f) shows only a single layer of nanoparticles 9 left in the empty space 5. 

[0052] Upon completion of this step, a top electrode 12 is deposited 38 on top of the 
nanoparticle layer 9 and the insulating layer 13, as shown in Figure 3(g). The top electrode 12 is 
electrically conducting and may or may not be magnetic, depending on the type of device being 
fabricated. Figure 3(h) shows the device with the substrate 15 removed. 

[0053] An altemative method is illustrated in Figures 4(a) through 4(h). Each of the 
structural components are also shown in Figures 4(a) through 4(g). Furthermore, the entire 
process is shown in a flowchart in Figure 4(h). 

[0054] As with the previous embodiment and as shown in Figure 4(a), the process begins 
40 with a flat substrate 15. The substrate can be any flat surface and may be conducting or non- 
conducting. Preferably, this substrate is composed of silicon, silicon dioxide, silicon nitride, 
glass, GaAs, sapphire (Al203)or ceramic material. The bottom metallic layer 1 1 is also called the 
bottom electrode layer 11. The bottom electrode layer is shown in Figures 3(b) and 4(b). 

[0055] Next, as shown in Figure 4(b), a bottom electrode 1 1 is deposited 42 onto the 
substrate 15. This electrode 1 1 is electrically conducting and can be magnetic or non-magnetic, 
depending on the choice of the device type as previously indicated above. Upon completion of 
this step, an electrically insulating layer 13 is deposited or grown 43 on top of the bottom 
electrode 1 1 . This is illustrated in Figure 4(c). The thickness of the insulating layer 13 is at least 
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as large as a nanoparticle diameter which ranges from approximately 2 mn to approximately 20 
nm in diameter. 

[0056] Then, as shown in Figure 4(d), a top electrode 12 is deposited 44 on top of the 
insulating layer 13. The top electrode 12 is electrically conducting and may or may not be 
magnetic, depending on the type of device being fabricated. After this, the structure is patterned 
45 and etched 46 so that a region of the insulating layer 13 is recessed and a space 5 between the 
two electrodes 11, 12 is opened up, as shown in Figure 4(e). 

[0057] Next, in Figure 4(f), a layer of nanoparticles 9 is deposited 47 onto the structure 
such that the nanoparticles 9 fall in the exposed region 5 between the two electrodes 11, 12. The 
nanoparticles 9 are separated from each other by an insulating organic layer 1 0. The nanoparticle 
layer 9 may be either one or several layers thick, depending on the type of device being 
fabricated. Figure 4(f) shows only a single layer of nanoparticles 9 left in the empty space 5. In 
Figure 4(g), the substrate 15 is not shown on the device, wherein the substrate 15 may be 
removed 48, depending on the desired application. Again, the entire process is outlined in Figure 
4(h). 

[0058] The resistance of the device is sensitive to the presence or absence of a magnetic 
field. Figures 5(a) and 5(b) are plots of the device resistance versus the external magnetic field. 
As shown in Figures 5(a) and 5(b), the device resistance can be high (Rhigh) or low (Riow)^ 
depending on the amount of the magnetic field which is present. The difference in resistance 
between the (Rhigh) or (Riow) state is typically between 1% and 50%. The device response to an 
external field can be made as that which is shown in either Figure 5(a) or Figure 5(b), depending 
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on the magnetic properties of the nanoparticles comprising the device. The two different device 
resistances (Rhigh and Rj^J are used to distinguish the presence of a magnetic field. 

[0059] The inventive structure (sensor) has several advantages over conventional devices. 
First, the critical dimension is about 5 to 50 nm and is well-matched to the bit area required for 
storage at areal densities >10 Gbit/in^. Second, the critical dimension is 5 to 50 nm and is 
beyond the resolution of current lithographic methods, and is controlled through chemical size 
separation methods (not through deposition thickness control, and not through lithography). 
Also, the methods described herein are readily scaled to a large scale production, and the 
methods use less vacuum-based process equipment than the conventional devices and, hence, the 
present methods result in lower fabrication costs. 

[0060] While the invention has been described in terms of preferred embodiments, those 
skilled in the art will recognize that the invention can be practiced with modification within the 
spirit and scope of the appended claims. 
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